In this paper, we provide a useful technology to fabricate a long-range ordered nanoparticle array with a feature size under 30 nm. By adjusting the incident angle of Ar + beam milling on a U-shaped barrier layer of anodic alumina oxide, we can create a long-range ordered nanoaperture array with samples prepared by a focused-ion-beam-guided process. Compared to the naturally self-organized alumina nanochannels, the FIB-guided process has increased long-range ordering and uniformity of aperture size, and the aperture size can be varied by changing the grazing angle. The nanoaperture membrane can be used as a contact-mask and its undercut structure has another advantage for nanolithography. This technique could be extensively applied to the manufacturing of advanced nanodevices in large areas and as a catalyst to fabricate one-dimensional nanosized materials.
Introduction
Recently, self-organized properties of nanoscale materials have attracted more and more interest [1] [2] [3] . One of the important nanostructures is self-organized hexagonally anodic alumina nanochannels. The increasing attraction of porous alumina as a template is due to several advantages, such as its highly uniform and straight nanopore structure, easy and low-cost processing and its extremely high-density advantages. Anodic alumina oxide (AAO) nanochannels are extensively applied to advanced nanodevices such as carbon nanotube arrays for flat panel displays [4] , magnetic storage media [5] , and single electronics [6] . Besides, long-range order is also another considerable advantage which can be applied to nanolithography. Apart from the fabrication of onedimensional materials, an anodic alumina oxide membrane can be also applied to pattern transfer on a silicon surface.
Some work demonstrated a practical approach of transferring a hexagonal array of porous alumina into silicon substrate [7, 8] .
In earlier works, Wang et al [9, 10] reported ordered anodic alumina nanochannels on a focused-ion-beam-prepatterned aluminium surface. The ion beam is used to create a hexagonally close-packed lattice of concavities. These concavities act as pinning points to guide the subsequent growth of nanochannels. By carefully matching the lattice constant with the anodization voltage, ordered nanochannels with a high aspect ratio can be fabricated. The pore size of naturally self-organized anodic alumina is determined by the anodization voltage with an appropriate electrolyte, and the proportionality constant of the pore diameter per interpore spacing is usually fixed. For example, the pore diameter is 50 nm and interpore spacing is 100 nm with the anodization voltage 40 V in the oxalic acid solution. Generally speaking, nanopattern feature sizes greater than 100 nm are routinely produced by photolithography techniques. For feature sizes between 30 and 100 nm, electron beam lithography is commonly used. However, feature sizes less than 30 nm are not easily obtained by standard lithography techniques; therefore, many research groups are actively seeking the way to fabricate AAO with smaller pore size [11] [12] [13] . The template synthesis method has played a more and more important role in the fabrication of many kinds of nanostructures, such as quantum dot array, nanowires and nanotubes.
In this work, we will present a combined process of the focused-ion-beam-guided prepatterning technique and grazing Ar + milling process to create a long-range ordered nanoaperture array. This aperture array is of smaller size and the proportionality constant of the aperture diameter per interspacing can be further controlled by the Ar + milling incident angle. The aperture array membrane was thus further used as a lithographic contact-mask to fabricate ordered nanoparticle arrays with different controlled nanoparticle sizes on the silicon surface. Figure 1 represents the process of the sample preparation. High purity Al (99.99%) was electro-polished in a mixture solution of HClO 4 and C 2 H 5 OH (ratio 1:5) at 5
Experimental procedure
• C under constant stirring (see figure 1(a) ). A commercial 50 keV Ga FIB with beam diameter ∼10 nm and beam current ∼1.1 pA was utilized to create an array of hexagonally close-packed concavities on the polished Al surface (see figure 1(b) ). These concavities were employed to guide the anodization growth process of nanochannels. In this work, two samples were prepared with different interspacings. To prepare the first sample with 100 nm interspacing, we used 0.3 M oxalic acid solution at 4
• C and 40 V anodization voltage (see figure 1(c)).
The remaining Al substrate is removed by a CuCl 2 solution (3%) in order to expose the naked barrier. An Ar + beam miller machine MPS-3000 PBN was set up to sputter the U-shaped barrier layer in order to create the nanoapertures (see figure 1(e)). A detailed description of the fabrication of long-range ordered nanoapertures can also be found in our recent work [14] . The Ar + beam current density was approximately 1.2 mA cm −2 with beam energy 500 eV. The incident Ar + beam was tilted by an angle θ = 82
• (θ is defined as the angle between the incident direction and the normal axis of the plane) to control the aperture size. Finally, the images of nanoapertures were taken by a transmission electron microscope (TEM). By taking the top view of the thin (∼150 nm) alumina film, the electrons directly passing through the apertures without any interceptions will project these apertures to form the bright spot image on the screen. To prepare the second sample with 50 nm interspacing, we used the same oxalic acid solution at 4
• C but different anodization voltage (20 V). The incident Ar + beam was tilted by an angle of around 75
• to create the same aperture size as the first sample. The images of these nanoapertures were also taken by TEM. By mounting a nanoaperture array membrane on the silicon substrate (see figure 1(d)), this membrane was used as a contact-mask to fabricate gold nanoparticles. The gold particles are thermally evaporated through the nanoapertures and finally deposited onto the substrate (see figure 1(f) ). The scanning electron microscope (SEM) was employed to take images of the nanoparticle array.
Results and discussion
Figure 2(a) represents the TEM image with a boundary between the two areas: naturally self-organized growth mode (left side) and FIB-guided growth mode (right side). It is clear to see the difference between the two various growth modes. The uniformity for both interspacing and aperture size in the FIB-guided growth mode is much better than that in the naturally self-organized growth mode. Fourier transform was made for each area in order to demonstrate the differences in long-range ordering between the two growth modes. In the self-organized area, the emerging peaks of the Fourier transform form an isotropic ring pattern, indicating the absence of long-range ordering. In the FIB-guided area, the hexagonally arranged peaks become sharper. This indicates the marked improvement of the degree of order in the orientation arrangement of the nanoapertures. Figures 2(b) and (c) show the TEM images of the nanoapertures in a FIBguided area on different scales. These apertures are mostly of a round shape, and reveal a uniform size distribution with a nominal diameter around 12 nm. Moreover, the interspacing between these neighbouring apertures also has the value of 100 nm. The electrons passing through these apertures were indeed exposed to form the bright spots in the TEM images. These bright spots in the TEM image are the projections of the transmitted electron beam through the whole channels. Both the roughness of the channel wall and the inclined angle of the pore will affect the projection image of the electron beam. Thus, the nominal diameter of the apertures obtained from the TEM image also reflects the overall effect of geometrical factors. The TEM images clearly show that the aperture array is an undercut nanostructure with highly straight pores. These advantages of the special nanostructure type will be very useful for application to a lithographic contact-mask. Furthermore, we varied two factors (interspacing and incident angle) to control the same aperture size.
Figures 2(d)-(f) are TEM images of the aperture array in different scales with 50 nm interspacing (second sample). The incident angle of the Ar + beam was tilted by 75
• in order to create the same aperture size as the first sample. The proportionality constant of pore diameter per interspacing is usually limited and inalterable for the naturally self-organized AAO. Now, we can choose a variable proportionality constant by selecting the appropriate incident angle. The uniformity of nanoapertures in the second sample is not as good as the first sample. It seems rather difficult to fabricate long-range ordered nanochannels with a pore size less than 30 nm for the natural limit in the FIB-guided grown process. However, the uniformity of pore size of nanochannels will influence the uniformity of nanoaperture size; therefore, this limit will also affect the uniformity of created nanoapertures. Figure 3 is a statistical analysis in the geometrical distribution made in order to show the uniformity of nanoapertures. We randomly chose 100 apertures to measure the diameter size of the aperture. The size distribution of nanoapertures for the first sample is shown in figure 3(a) . The mean value of the FIB-guided aperture size is 12 nm with dispersion ±2 nm. More than 80% of aperture sizes are distributed between 11 and 13 nm. The interspacing distribution of nanoapertures is shown in figure 3(b) . The mean value of the interspacing is 100 nm with dispersion of ±2 nm. Relatively, the average size of the apertures made from the self-organized AAO is 13 nm, but with much larger dispersion of ±6 nm. These differences can be ascribed to two factors. First, the aperture size depends on the pore size and curvature of the barrier layer with the same inclined grazing Ar + milling angle. The size distribution and the interspacing between neighbouring channels were demonstrated to be excellently uniform in the FIB-guided grown sample [9] . In contrast, the naturally self-organized sample cannot achieve such uniformity. Second, the relative height around neighbouring channels also affects the aperture size. The lower channel (compared to nearby channels) will be shielded by its neighbours under the inclined grazing Ar + beam. This will result in a smaller aperture. Compared to the self-organized mode, the growth rates and heights of each channel of the FIB-guided sample are more alike. This also improves the uniformity of the aperture size.
The size and interspacing distribution of nanoapertures (second sample) are shown in figures 3(c) and (d). The mean value of the aperture size is 10 nm with dispersion ±2 nm. The mean value of the interspacing is 50 nm with dispersion of ±3 nm. This result demonstrates that we can control the same aperture size by adjusting the interspacing and incident angle.
Finally, we will demonstrate a convenient way to fabricate the ordered nanoparticle array. By mounting a nanoaperture array membrane on the silicon substrate, the hexagonally close-packed lattice pattern of anodic alumina can be precisely transferred onto the silicon surface. With the nanoaperture array membrane as a contact-mask, gold particles are evaporated through the nanoapertures and deposited onto the silicon surface. As shown in figure 4 , the mean size of the nanoparticles is determined by the mean size of the nanoapertures; however, the mean size of the nanoapertures is controlled by the inclined grazing angle of the Ar + beam. With the inclined grazing angle θ = 60
• , 75
• , and 82
• , the mean size of the nanoparticles is 12, 25, and 40 nm, respectively. The interspacing is fixed at 100 nm in these samples. In figure 4 , the mean size of the nanoparticles is roughly proportional to cos θ . This indicates that the aperture size is determined by the projection area of the U-shape barrier layer. Only the area exposed to the Ar + beam will be removed. The sputtering time is different for the different sputtering rates with different incident angles. Thus, it is convenient to fabricate variable sizes of nanoparticle by just selecting the appropriate incident angle. In general, the size of the nanoparticle array fabricated by e-beam lithography or a photolithography system depends on the beam dosage and the properties of the resists. These factors are rather complicated and usually difficult to control well. There is also an advantage in our case that the aperture size is smaller than the pore size.
As mentioned above, the TEM images show that the aperture array membrane forms an undercut nanostructure with highly straight pores. This geometric advantage is important for the following lift-off process. The undercut structure will prevent the damage of the pattern which is often caused in the lift-off process.
Conclusion
In summary, with grazing Ar + milling on the U-shaped barrier layer of AAO grown by the FIB guided process, we can fabricate an aperture array with a controlled diameter of around 10 nm. The Fourier transform of the array image reveals a hexagonal symmetry. The interspacing is defined by the focused ion beam lithography. The aperture sizes can be controlled by different incident angles of the Ar + beam. This aperture array membrane can be further applied to a lithographic contact-mask for fabrication of an ordered nanoparticle array [4, 5, 7, 8] .
